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Inositol trisphosphate 3-kinase B (InsP3KB) belongs to a family of
kinases that convert inositol 1,4,5-trisphosphate (Ins(1,4,5)P3 or
IP3) to inositol 1,3,4,5-tetrakisphosphate (Ins(1,3,4,5)P4). Previous
studies have shown that disruption of InsP3KB leads to impaired T
cell and B cell development as well as hyperactivation of neutro-
phils. Here, we demonstrate that InsP3KB is also a physiological
modulator of myelopoiesis. The InsP3KB gene is expressed in all
hematopoietic stem/progenitor cell populations. In InsP3KB null
mice, the bone marrow granulocyte monocyte progenitor (GMP)
population was expanded, and GMP cells proliferated signiﬁcantly
faster. Consequently, neutrophil production in the bone marrow
was enhanced, and the peripheral blood neutrophil count was also
substantially elevated in these mice. These effects might be due to
enhancement of PtdIns(3,4,5)P3/Akt signaling in the InsP3KB null
cells.Phosphorylationofcellcycle-inhibitoryproteinp21cip1,oneof
the downstream targets of Akt, was augmented, which can lead to
the suppression of the cell cycle-inhibitory effect of p21.
hematopoiesis  inositol phosphate  neutrophils
I
nositol phosphates are a group of organic compounds found in
many animal and plant tissues. Cellular functions for most
cytosolic inositol phosphates are still ill defined. So far, the most
extensively characterized inositol phosphate is Ins(1,4,5)P3,
which releases calcium from intracellular storage. Ins(1,4,5)P3
can be converted to inositol 1,3,4,5-tetrakisphosphate
(Ins(1,3,4,5)P4) by a family of inositol trisphosphate 3-kinases
(InsP3K). In mammalian cells, there are three isoforms of
InsP3K, designated A–C (1–3). The gene encoding InsP3KA is
expressed exclusively in specific neuronal subpopulations in the
central nervous system and in testis. The genes encoding isoform
B and C are expressed fairly ubiquitously (2–4). The physiolog-
ical functions of InsP3K in hematopoietic cells were recently
studied by using InsP3K knockout mice. It appeared that
InsP3KB isoform contributes to the majority of InsP3 kinase
activityinTandBcells.DisruptionofInsP3KBleadstodecrease
of cellular Ins(1,3,4,5)P4 level, impaired T cell development, and
impaired thymocyte selection (5, 6). Depletion of InsP3KB also
induces B cell death and impaired B cell development (7, 8). In
addition, we recently showed that InsP3KB is also the major
InsP3K isoform in neutrophils. Disruption of the single InsP3KB
gene completely abolishes Ins(1,3,4,5)P4 production in neutro-
phils (9).
Manyneutrophilfunctions,suchaspolarization,chemotaxis,and
NADPH oxidase activation, are mediated by PtdIns(3,4,5)P3, an
essential cellular signaling molecule that exerts its function by
mediating protein translocation via binding to their pleckstrin
homolog (PH)-domains. The level of PtdIns(3,4,5)P3 is regulated
by PI3 kinase (PI3K), the tumor suppressor PTEN, SHIP1/2, and
5ptase IV (a phosphoinositide-specific inositol polyphosphate
5-phosphatase IV). The activity of PtdIns(3,4,5)P3 signaling was
previously thought to depend solely on concentrations of
PtdIns(3,4,5)P3 in the plasma membrane (10, 11). In a recent study,
we showed that Ins(1,3,4,5)P4 also binds the PtdIns(3,4,5)P3-
specific PH domains and competes for their binding to
PtdIns(3,4,5)P3. Depletion of Ins(1,3,4,5)P4 by deleting InsP3KB
enhances the membrane translocation of PtdIns(3,4,5)P3-specific
PH domain in neutrophils, thus augments the PtdIns(3,4,5)P3
downstream signals (9). This finding established a previously un-
characterized role for Ins(1,3,4,5)P4 in signal transduction.
In the present study, we investigated the function of InsP3KB
in hematopoietic stem/progenitor cells and demonstrated that
InsP3KB plays a crucial role in hematopoiesis. We showed that
the InsP3KB gene was expressed in all hematopoietic stem/
progenitor cell populations. Disruption of this gene led to
enhanced neutrophil production in the bone marrow. This effect
might be due to enhancement of PtdIns(3,4,5)P3/Akt signaling
in InsP3KB null cells. Phosphorylation of cell cycle-inhibitory
protein p21cip1, a downstream target of Akt, is augmented, which
can lead to suppression of the cell cycle-inhibitory effect of p21.
Results
Peripheral Blood Neutrophil Count Is Profoundly Increased in InsP3KB
Knockout Mice. InsP3KB was previously shown to be involved in
T cell development and B cell selection and activation. Consis-
tent with this, the absolute number of lymphocytes in peripheral
blood is reduced significantly in InsP3KB knockout mice. On the
contrary, peripheral blood neutrophil counts increased 2-fold
from 0.63  0.33  106 per liter in wild-type mice to 1.21  0.6 
106 per liter in InsP3KB knockout mice (Fig. 1 and Table 1). No
significant difference was detected in the numbers of eosino-
phils, basophils, and monocytes, suggesting that the increased
cell count is specific for neutrophils. A statistically significant
decrease was also observed for red blood cell count and hemo-
globin (HGB) in InsP3KB knockout mice; however, these
changes were much smaller than detected reduction of lympho-
cyte count.
Neutrophil Apoptotic Death Is Enhanced in InsP3KB Knockout Mice.
Neutrophils are terminally differentiated and usually have a very
short life span. They die because of programmed cell death or
apoptosis. The increased peripheral blood neutrophil count
observed in InsP3KB knockout mice could be due to delayed
neutrophil death. Thus, we used a well established in vitro system
to explore neutrophil apoptotic death (Fig. 2). In this assay, the
number of neutrophils undergoing death was quantified by using
fluorescence-activated cell-sorting (FACS) analysis. We used
Author contributions: Y.J., H.H., and H.R.L. designed research; Y.J., F.L., H.H., and Y.L.
performed research; C.E., S.-Y.P., C.G., L.C., L.E.S., and S.S. contributed new reagents/
analytic tools; Y.J. and H.R.L. analyzed data; and Y.J. and H.R.L. wrote the paper.
The authors declare no conﬂict of interest.
This article is a PNAS Direct Submission.
¶To whom correspondence should be addressed at: Karp Family Research Building, Room
10214, Boston, MA 02115. E-mail: hongbo.luo@childrens.harvard.edu.
© 2008 by The National Academy of Sciences of the USA
www.pnas.orgcgidoi10.1073pnas.0800218105 PNAS  March 25, 2008  vol. 105  no. 12  4739–4744
C
E
L
L
B
I
O
L
O
G
YAnnexin V, an anticoagulant protein that has high affinity and
selectivity for phosphatidylserine (PS), to detect PS exterioriza-
tion and 7-AAD, a membrane-impermeable dye, to monitor cell
membrane integrity (12). As reported (20), after 24 h of cultur-
ing, 20% of wild-type neutrophils manifest clear morpholog-
ical signs of apoptosis (Annexin V-positive and/or 7-AAD-
positive). Disruption of InsP3KB resulted in a much enhanced
apoptosis, with 50% of cells undergoing apoptotic death in
24 h. This result suggests that increased peripheral blood neu-
trophil count is not due to delayed neutrophil death, because
death of InsP3KB null neutrophils was in fact enhanced com-
pared with the wild-type neutrophils.
Disruption of InsP3KB Promotes Myeloid Differentiation. Mature
neutrophils are produced and released from marrow to circulate
in peripheral blood, a process called neutrophil mobilization.
Various cytokines, such as G-CSF and IL-8, can modulate the
efficiency of mobilization. The increased peripheral blood neu-
trophil count in InsP3KB knockout mice may be a result of
enhanced neutrophil mobilization. If this is the case, the number
of neutrophils in bone marrow should be deceased in the
knockout mice. However, such a decrease was not detected in
InsP3KB knockout mice (Table 1), suggesting that alteration of
neutrophil mobilization is not contributive to the increased
peripheral blood neutrophil count in these mice.
The increased peripheral blood neutrophil count could be
simplyduetoaugmentationofneutrophilproductioninthebone
marrow. To test this, we first measured the number of each
hematopoietic progenitor cell type by using FACS analysis. We
found that InsP3KB knockout mice had more bone marrow
granulocyte monocyte progenitors (GMP) than control wild-
type mice, as measured by the percentage of LinSca-1c-Kit
FcRII/IIICD34 cells in bone marrow. Because the common
myeloid progenitor (CMP) population was unchanged, the in-
crease of GMP counts suggested an enhancement of cell differ-
entiation/proliferation of myeloid progenitor cells in InsP3KB
knockout mice. Disruption of InsP3KB did not alter the amount
of hematopoietic stem cells (LinSca-1c-Kit), common lym-
phoid progenitors (CLP) population, and megakaryocyte ery-
throid progenitors (MEP) in bone marrow (Fig. 3 A and B and
Table 2), suggesting that InsP3KB is a specific modulator of
myelopoiesis.
The lineage analysis using flow cytometry suggested that the
differentiation of multipotent hematopoietic stem cells toward
GMP is somewhat enhanced by InsP3KB depletion, because
more GMP cells were observed in the knockout mice. To further
confirm this, we used a quantitative granulocyte monocyte
colony-forming unit (CFU-GM) assay to functionally assess the
number of committed myeloid progenitors in bone marrow (Fig.
3 C and D). As expected, InsP3KB knockout mouse-derived
bone marrow contained more CFU-GM (99/10,000 bone mar-
row cells) than control wild-type mouse-derived bone marrow
(52/10,000 bone marrow cells).
Disruption of InsP3KB Leads to Increased Proliferation of Myeloid
Progenitor Cells. In the colony-forming unit assay described
above,wenoticedthatelevationofCFU-GMcolonynumberwas
accompanied by a dramatic increase in the number of cells per
colony, particularly for the first 3 days in culture. For example,
after 48 h, 12% of InsP3KB knockout bone marrow-derived
coloniescontained32dividedcells,comparedwithonly7%for
wild-type bone marrow-derived colonies (Fig. 4 A and B). A
similar result was obtained when purified GMP cells were used
(Fig.4C).Theseresultsindicateanenhancementofproliferation
of InsP3B null myeloid progenitor cells. We further tested this
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Fig. 1. The peripheral blood neutrophil count was increased in InsP3KB
knockout mice. Peripheral blood cell counts (n  24 for wild type and n  15
for InsP3KB knockout) and bone marrow cell counts (n  5) in wild-type and
knockoutmicewereobtainedbyusinganADVIA-120BBloodAnalyzer.Eight-
to 12-week-old mice were used. Values are mean  SD. *, P  0.01 versus
wild-type mice by Student’s t test.
Table 1. Peripheral blood and bone marrow cell numbers
Parameter Wild type InsP3KB/ P
Bone marrow (106)
Total cell 41.0  7.1 36.4  6.4 0.3
Neutrophils 9.1  3.5 7.80  2.9 0.26
Peripheral blood (103 per milliliter)
Total white blood cell 5.4  1.9 4.1  2.7 0.001
Neutrophils 0.63  0.33 1.21  0.60 0.01
Lymphocyte 4.36  1.56 1.76  0.87 0.01
Monocyte 0.07  0.04 0.05  0.03 0.146
Eosinophils 0.26  0.19 0.33  0.26 0.44
Basophils 0.04  0.03 0.03  0.03 0.35
Red blood cells 9.5  0.6 8.7  0.7 0.01
Hemoglobin, g/dl 14.5  1.2 13.7  1.2 0.01
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Fig. 2. InsP3KB deletion enhanced spontaneous neutrophil death. (A)
Mouse bone marrow neutrophils were cultured in RPMI medium 1640 con-
taining10%FBSatadensityof2106cellspermilliliter.Apoptoticcellswere
detected by Annexin V-FITC staining and 7-AAD staining. Ten thousand cells
were collected at indicated time points and analyzed by using the FlowJo
software. Region R1, viable cell; Region R2, early apoptotic cells; Region R3
and R4, late apoptotic cells and necrotic cells. (B) Time course of neutrophil
spontaneous death. All values represent mean  SD of four separate
experiments.
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progenitors stained with intracellular fluorescent dye 5- (and
-6)-carboxyfluorescein diacetate succinimidyl esters (CFSE)
(Fig. 4 D–F). The CFSE label is stable, and only a modest
reduction in fluorescent intensity was detected in 3 days in
nondividingcells(datanotshown).Thus,theserialhalvingofthe
fluorescence intensity of the CFSE-stained cells has been widely
used to measure cell division and proliferation in various cell
types. Cell labeling with CFSE is quite heterogeneous, with a
broad fluorescent peak observed in flow-cytometry analysis
(Fig. 4D). To improve the resolution of divisional clusters, we
presorted cells based on a narrow gate of CFSE intensity (Fig.
4D).Consistentwithwhatwasobservedinthecolonyassay,after
2 days of incubation in methylcellulose culture, 87% of InsP3KB
null cells underwent at least one cell division, compared with
only 70% for wild-type cells. In addition, it appeared that the
time to finish one cell cycle was also significantly shortened in
InsP3KB knockout cells. During the 48-hour incubation period,
21% of knockout progenitors accomplished four cell divisions
with a doubling time of 12 h, whereas most wild-type progen-
itors can only finish fewer than three cell divisions with a
doubling time of 18 h (Fig. 4 E and F). Because cell death does
not occur in the first 2 days of culturing, the decrease of CFSE
intensity caused by cell death is minimal and should not affect
data analysis. Collectively, our results demonstrated that disrup-
tion of InsP3KB can lead to a much higher proliferation rate in
myeloid progenitor cells.
Disruption of InsP3KB Results in Enhanced PtdIns(3,4,5)P3 Signaling in
Hematopoietic Progenitors. To further understand the mechanism
by which InsP3KB regulates hematopoiesis, we first examined
whether InsP3KB is expressed in hematopoietic progenitors
(Fig. 5A). There are three InsP3K isoforms in mammalian cells.
To determine which isoform(s) are expressed in hematopoietic
progenitors, we conducted RT-PCR using each sorted hemato-
poietic progenitor subpopulation. InsP3KB was detected in all
cell populations examined, with a slightly lower expression in
CLP. InsP3KC was highly expressed in myeloid lineages, includ-
ing CMP, GMP, and MEP, whereas only a minimal expression
was observed in HSC and CLP populations. Interestingly,
InsP3KA, which was previously thought to be expressed solely in
brain(2–4),wasalsodetectedintheCMPandMEPpopulations,
suggesting that it may play a role in megakaryocyte erythroid
differentiation. Because of the lack of enough material for
Western blot analysis, we currently cannot monitor the protein
level of each individual InsP3K isoform in hematopoietic
progenitors.
PtdIns(3,4,5)P3 signaling has been well documented as a cell
cycle-promoting factor. Recently, we demonstrated that
InsP3KB and its product Ins(1,3,4,5)P4 negatively regulate
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Fig. 3. Disruption of InsP3KB led to enhanced myeloid differentiation. (A) Flow cytometry-based lineage analysis. The bone marrow cells were prepared and
stainedasdescribedinMethods.(B)StatisticalanalysisofpercentagesofdifferentcellpopulationsbasedonlineageanalysisdescribedinA(n5foreachgroup).
(C) In vitro CFU-GM colony-forming assay. Five thousand bone marrow cells were cultured in semisolid medium containing rm SCF, rm IL-3, and rh IL-6 for 7 days.
Shown are representative photographs of culture dishes taken on day 7. (D) Statistical analysis of CFU-GM colony number from 10, 000 bone marrow-derived
mononuclear cells (BMMCs) (n  5 for each group). (E) Hematopoietic lineage tree showing the impact of InsP3KB deﬁciency. Increased and decreased cell
populations are marked by arrows upwards or downwards, respectively. The vertical bar indicates a point of developmental blockade. Text below the cell
population indicates the antibody markers used in this study for identiﬁcation of cell populations in ﬂow-cytometry analysis. HSC, hematopoietic stem cells
(LinSca-1c-Kit); CLP, common lymphoid progenitors; CMP, common myeloid progenitors; GMP, granulocyte monocytes progenitors; MEP, megakaryocyte
erythroid progenitors.
Table 2. Percentage of hematopoietic progenitor cell subsets in bone marrow
LK CMP GMP MEP LSK CLP
Wild type 1.55  0.70 0.21  0.12 0.52  0.22 0.70  0.40 0.10  0.07 0.07  0.03
InsP3KB/ 1.80  0.72 0.20  0.11 0.75  0.34 0.65  0.17 0.12  0.07 0.10  0.05
P 0.0916 0.7852 0.0089 0.6448 0.4302 0.0867
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YPtdIns(3,4,5)P3 signaling. Disruption of InsP3KB in neutrophils
substantially enhances PtdIns(3,4,5)P3 signaling (9). Here, we
investigated whether PtdIns(3,4,5)P3 signaling was also aug-
mented in InsP3KB null progenitor cells. As described (9), we
monitored PtdIns(3,4,5)P3 signaling by measuring phosphory-
lation of Akt. Similar with what was observed in neutrophils, Akt
phosphorylation was significantly augmented in enriched
InsP3KB null progenitor cells, whereas the total amount of Akt
protein was unaltered (Fig. 5 B and C). One mechanism by which
the PtdIns(3,4,5)P3/Akt pathway regulates cell cycle is via mod-
ulating the phosphorylation of cell cycle-inhibitory protein
p21cip1, which is a target of Akt (13). Activation of p21cip1 leads
to G1 phase arrest and has been implicated in maintaining the
quiescence of hematopoietic stem cells (14). Akt-dependent
phosphorylation of p21cip1 at Thr-145 diminishes the cell cycle-
inhibitory effect of p21cip1 and thus promotes cell cycle progres-
sion. Consistent with the enhanced Akt phosphorylation in
InsP3KB null progenitor cells, the level of phosphorylated
p21cip1 was also increased in these cells, suggesting that the
accelerated proliferation of myeloid progenitor cells may be a
result of PtdIns(3,4,5)P3/Akt-mediated deactivation of p21cip1
(Fig. 5 D and E).
Discussion
In the present study, we established a role for InsP3KB in
myelopoiesis. Disruption of InsP3KB resulted in accelerated
death of mature neutrophils but an elevated peripheral blood
neutrophil count, indicating an augmentation of neutrophil
production from bone marrow. FACS analysis of bone marrow
cells revealed an elevation of GMP population in the knockout
mice.DetailedcellcycleanalysisshowedamuchshortenedGMP
cell cycle in InsP3KB null cells. Because this alteration was
observed in an in vitro colony assay, the effect of InsP3KB on
myelopoiesis is likely intrinsic to the progenitors rather than
from the stromal environment. The accelerated proliferation of
GMPsmaybearesultofenhancedPtdIns(3,4,5)P3/Aktsignaling
in the InsP3KB null cells. As a result, the phosphorylation of cell
cycle-inhibitory protein p21cip1, a target of Akt, is enhanced,
leading to a diminished cell cycle-inhibitory effect of p21cip1.
Collectively, these results established InsP3KB as a negative
regulator of myeloid differentiation and neutrophil production
and is consistent with a recent report that demonstrated a crucial
role of Akt in myelopoiesis (16).
It is worth pointing out that other mechanisms may also
contribute to the observed hematopoiesis alteration in InsP3KB
knockout mice. Ins(1,3,4,5)P4, the product of InsP3KB, can
exerts its function via binding to other cellular targets. Several
proteins, including GAP1IP4BP (also known as Rasa3), -cen-
taurin, and GAP1m, also specifically interact with Ins(1,3,4,5)P4
(17, 18), suggesting that the functions of these proteins might
also be regulated by Ins(1,3,4,5)P4. Huang et al. (19) demon-
strated that Ins(1,3,4,5)P4 can also bind to the PH domain of Tec
family tyrosine kinase Itk, which plays an important role in TCR
signaling.Interestingly,thisbindingchangestheconformationof
thr Itk PH domain and subsequently promotes, instead of
suppresses, the PH domain binding to PtdIns(3,4,5)P3 in T cells.
Whether a similar mechanism also exists in hematopoietic
progenitors was not investigated. InsP3K has also been reported
to be a potential modulator of calcium mobilization, because it
can decrease the level of Ins(1,4,5)P3, which mediates calcium
release from internal stores, by converting it to Ins(1,3,4,5)P4.
Miller et al. (7) recently reported that Ins(1,3,4,5)P4 regulates B
cell selection and activation via modulating store-operated cal-
cium channels. A much elevated calcium influx was detected in
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Fig. 4. Disruption of InsP3KB accelerated cell division of myeloid progenitor cells. (A) The in vitro CFU-GM assay was conducted as described in Fig. 3. BMMCs
wereusedinthisassay.Shownarerepresentativepicturesofcellclusters/coloniesatdays2and3.(B)Thenumberofcellclusterscontainingtheindicatednumber
of cells was recorded and analyzed at day 3. (C) The in vitro CFU-GM assay was conducted by using puriﬁed GMP cells. Data shown are mean  SD. (D and E)
Flow-cytometric analysis of cell division of hematopoietic progenitors. The enriched progenitor cells were labeled with CFSE. To improve the resolution of
divisional clusters, we presorted cells based on a narrow gate of CFSE intensity. Sorted CFSE-labeled cells were cultured at a density of 2  105 cells per milliliter
in MethoCult GF M3534 for 48 h. Cell divisions were analyzed by serial halving of the ﬂuorescence intensity of the CFSE-stained cells. Shown is a representative
proﬁle of three independent experiments. The % of Max is the number of cells in each bin divided by the number of cells in the bin that contains the largest
numberofcells.TheywerecalculatedbyusingFlowJosoftware(basedon256bins).(F)Thepercentageofcellsundergoingtheindicatednumberofcelldivisions.
Data shown are mean  SD. **, P  0.001 versus wild-type mice by Student’s t test, *,P 0.05.
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substantial defects in Ins(1,4,5)P3 amounts or calcium mobili-
zation was detected (5, 6). In neutrophils, disruption of InsP3KB
does not affect the overall calcium signaling in the presence of
extracellular calcium (9). However, more detailed investigation
revealed a much decreased calcium release from intracellular
stores and an enhanced calcium influx through store-operated
calcium channels in InsP3KB null neutrophils stimulated with
chemokines. The reduction of calcium release from intracellular
stores appears to be a result of calcium depletion from the store
(Y.J. and H.R.L., unpublished data). Whether disruption of
InsP3KB can lead to abnormal calcium signaling in hematopoi-
etic progenitor cells needs to be further investigated. Finally,
although InsP3KB is known as an inositol phosphate kinase, we
cannot completely rule out the possibility that some InsP3KB-
related cellular functions might be mediated by kinase-
independent mechanisms (e.g., as protein partner).
Incurrentstudy,weshowedthathematopoieticprogenitorcell
populations such as CMP, GMP, MEP, and CLP, express both
InsP3KB and InsP3KC isoforms. Interestingly, InsP3KA, which
was previously thought to be expressed solely in brain, was also
detected in CMP and MEP populations. Because multiple
InsP3K isoforms are expressed in hematopoietic progenitor
cells, it will be intriguing to see whether a more dramatic
phenotype in hematopoiesis can be observed when two or three
InsP3K isoforms are deleted.
An unexpected result observed in this study is the accelerated
apoptotic death of InsP3KB null neutrophils. We recently es-
tablished PtdIns(3,4,5)P3/Akt deactivation as a causal mediator
of neutrophil spontaneous death (12). Accordingly, because Akt
activation was significantly enhanced in InsP3KB null neutro-
phils (9), a prolonged survival was expected in these neutrophils.
The unexpected augmented death of InsP3KB null neutrophils
is likely caused by other cellular defects in these cells.
Ins(1,3,4,5)P4-mediated cell death was also observed in B cells
(8) and primary pyramidal neurons (20). Marechal et al. (8)
showed that Ins(1,3,4,5)P4 negatively regulates PtdIns(4,5)P2-
mediated Rasa3 plasma membrane translocation and activation
in B cells. Rasa3 is a GAP (GTPase activating protein) acting on
Ras. Depletion of intracellular Ins(1,3,4,5)P4 leads to enhanced
plasma membrane translocation and activation of Rasa3 and
thus reduces Ras/Erk activation, which, in turn, causes enhanced
cell death and impaired development of InsP3KB null B cells.
However, a similar mechanism was not detected in neutrophils.
In fact, Rasa3 is barely expressed in neutrophils (data not
shown).
Methods
Mice.InsP3KB-deﬁcientmiceweregeneratedasdescribed(5).Miceaged8–14
weeks were used in this study. All procedures were approved and monitored
by the Children’s Hospital Animal Care and Use Committee.
Complete Blood Count. Orbital peripheral blood (250 l) was collected into
K2-EDTA-coated tubes. A complete blood count (CBC) and white blood cell
count was analyzed by using ADVIA-120B Blood Analyzer (Bayer).
Flow-Cytometry Analysis and Cell Sorting. Bone marrow cells were ﬂushed out
from two femurs and two tibias into PBS supplemented with 2% FBS. Red
bloodcellswerelysedbyincubationwith600lof1ACKbuffer(Invitrogen)
at room temperature for 5 min. For sample analysis, ﬁve million bone marrow
cells were incubated with an antibody mixture including antibodies for lin-
eage markers (CD3e-PECy5, CD4-PECy5, CD8-PECy5, CD19-PECy5, Gr1-PECy5,
B220-PECy5), cKit-APC, ScaI-biotin, CD34-FITC, and FcII/III R-PE antibodies for
45 min on ice. After nonspeciﬁcally bound antibodies were removed by
washingtwicewith3mlofPBS-2%FBS,IL7R-PECy7andStreptavidin-APCCy7
were added and then incubated on ice for another 30 min. Cells were washed
and ﬁltered before FACS analysis. All data were collected on a BD FACSCanto
II ﬂow cytometer, and data analysis was performed by using FlowJo software.
Fluorescence compensation was performed by using single ﬂuorochrome-
labeled wild-type mouse spleen cells. This was achieved by single-antibody
staining with B220-PECy5, PE, FITC, APC, PECy7, or APCCy7 antibodies. For
puriﬁcation of various progenitors, bone marrow cells from 1–3 wild-type
mice were pooled together and stained as described above with the propor-
tionally increased amount of antibody according to the cell number.
CFU-GMAssays.BonemarrowcellsfromwildtypeorInsP3KBdeﬁcientmicewere
seededinsemisolidMethocultGFM3534mediumcontainingrmSCF,rmIL-3,and
rhIL-6 (MethoCult GF M3534; Stem Cell Technologie). Five thousand cells were
usedforeach35-mmnontissueculturedish.Onday3,thenumberofcellsineach
cell cluster (those containing more than two cells per cluster) were recorded and
analyzed. Colonies that contained 30 cells were counted on day 7.
CellProliferationAnalysis.Mouselow-densitybonemarrowcellswereisolated
as described (21). Puriﬁed cells were resuspended in PBS at a density of 10
millioncellspermilliliter.CFSEwasthenaddedtoﬁnalconcentrationof5M.
After incubation for 10 min at 37°C, cells in the major peak (20%) were
sorted by using a BD FACSAria ﬂow cytometer (Fig. 4D). Sorted cells were
recovered, mixed with Methocult GF M3534 medium, plated onto 24-well
nontissueculturedish(0.2millioncellsperwell),andincubatedfor2days.The
cell division was analyzed by using a FlowJo software (proliferation analysis),
which measures the serial halving of the ﬂuorescence intensity of the CFSE
stained cells.
RNA Isolation and RT-PCR. The total RNA was extracted by using Absolute
MicroRNA kit (Stratagene). One-step RT-PCR was conducted by using a Super-
ScriptOne-StepRT-PCRsystem(Invitrogen).PCRampliﬁcationwasperformed
by using primers speciﬁc for InsP3KA (5	-TGCAGTACTGATTTCAAAAC-3	 and
5	-CCTCCCAGGGCCTCCGATGA-3	), InsP3KB (5	-CGAGCTGTGACCAAGC-
CACG-3	and5	-CCTCCAGGTATGTCCTGACA-3	)orInsP3KC(5	-GGACCTGCAA-
CACCAACTTC-3	 and 5	-CACAAAGAGAAGGGAACTGC-3	). GAPDH (5	-
GGTGCTGAGTATGTCGTGGA-3	and 5	-GGCAGTGATGGCATGGACTG-3	) gene
was used as a control.
WesternBlotAnalysis.Low-densitybonemarrowcells(0.5106cells)werelysed
with 100 l of boiling protein loading buffer. After a brief sonication (5–10 sec),
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Fig.5. DisruptionofInsP3KBresultsinenhancedPtdIns(3,4,5)P3signalingin
hematopoietic progenitors. (A) Expression of InsP3K isoforms in hematopoi-
etic progenitors analyzed by one-step RT-PCR. (B) Akt phosphorylation is
up-regulated in InsP3KB null cells. Low-density bone marrow cells that are
enriched for hematopoietic progenitors were isolated as described in Meth-
ods. Total and phosphorylated Akt were detected by using anti-Akt and
anti-Phospho-Akt (Ser-473) antibodies, respectively. (C) Relative amounts of
phosphorylated Akt were quantiﬁed by using National Institutes of Health
ImageJ software. Shown are fold increases compared with the corresponding
wild-type cells. Data presented are the means (SD) of three independent
experiments. (D) p21cip1 phosphorylation is up-regulated in InsP3KB null cells.
p21cip1 is one of the targets of Akt, and its phosphorylation was detected by
using Phospho-p21cip1 (Thr-145) antibody. (E) Relative amounts of phosphor-
ylated p21cip1 were quantiﬁed as described above. All values represent
mean  SD of three separate experiments.
Jia et al. PNAS  March 25, 2008  vol. 105  no. 12  4743
C
E
L
L
B
I
O
L
O
G
Y10 l of lysate was used for Western blot analysis. Total and phosphorylated Akt
were detected by Western blot using anti-Akt and anti-Phospho-Akt (Ser-473)
antibodies (Cell Signaling Technologies), respectively. Total p21 and phosphory-
lated p21 were detected with anti-p21 (C19) and anti-Phospho-p21 (Thr-145)
antibodies (Santa Cruz Biotechnology), respectively.
ACKNOWLEDGMENTS. We thank John Manis, Kulandayan Subramanian,
HakryulJo,BaraSarraj,AnongnardKasorn,andothersintheJointProgram
in Transfusion Medicine for helpful discussions and Jian You for mainte-
nance of the mice. H.R.L. was supported by National Institutes of Health
Grants HL085100 and GM076084 and a Research Scholar Grant from Amer-
ican Cancer Society.
1. Choi KY, Kim HK, Lee SY, Moon KH, Sim SS, Kim JW, Chung HK, Rhee SG (1990)
Molecular cloning and expression of a complementary DNA for inositol 1,4,5-
trisphosphate 3-kinase. Science 248:64–66.
2. Nalaskowski MM, et al. (2003) Rat inositol 1,4,5-trisphosphate 3-kinase C is enzymat-
ically specialized for basal cellular inositol trisphosphate phosphorylation and shuttles
actively between nucleus and cytoplasm. J Biol Chem 278:19765–76.
3. Dewaste V, Roymans D, Moreau C, Erneux C (2002) Cloning and expression of a
full-length cDNA encoding human inositol 1,4,5-trisphosphate 3-kinase B. Biochem
Biophys Res Commun 291:400–405.
4. Vanweyenberg V, Communi D, D’Santos CS, Erneux C (1995) Tissue- and cell-speciﬁc
expression of Ins(1,4,5)P3 3-kinase isoenzymes. Biochem J 306:(Pt 2)429–435.
5. Pouillon V, et al. (2003) Inositol 1,3,4,5-tetrakisphosphate is essential for T lymphocyte
development. Nat Immunol 4:1136–1143.
6. Wen BG, et al. (2004) Inositol (1,4,5) trisphosphate 3 kinase B controls positive
selection of T cells and modulates Erk activity. Proc Natl Acad Sci USA 101:5604–
5609.
7. Miller AT, et al. (2007) Production of Ins(1,3,4,5)P4 mediated by the kinase Itpkb
inhibits store-operated calcium channels and regulates B cell selection and activation.
Nat Immunol 8:514–521.
8. Marechal Y, et al. (2007) Inositol 1,3,4,5-tetrakisphosphate controls proapoptotic Bim
gene expression and survival in B cells. Proc Natl Acad Sci USA 104:13978–83.
9. Jia Y, et al. (2007) Inositol 1,3,4,5-tetrakisphosphate negatively regulates
PtdIns(3,4,5)P3 signaling in neutrophils. Immunity 27:453–467.
10. Cantley LC (2002) The phosphoinositide 3-kinase pathway. Science 296:1655–1657.
11. Maehama T, Dixon JE (1999) PTEN: A tumour suppressor that functions as a phospho-
lipid phosphatase. Trends Cell Biol 9:125–128.
12. Zhu D, et al. (2006) Deactivation of phosphatidylinositol 3,4,5-trisphosphate/Akt sig-
nalingmediatesneutrophilspontaneousdeath.ProcNatlAcadSciUSA103:14836–41.
13. Rossig L, et al. (2001) Akt-dependent phosphorylation of p21(Cip1) regulates PCNA
binding and proliferation of endothelial cells. Mol Cell Biol 21:5644–5657.
14. ChengT,etal.(2000)Hematopoieticstemcellquiescencemaintainedbyp21cip1/waf1.
Science 287:1804–1808.
15. Luo HR, et al. (2003) Inositol pyrophosphates mediate chemotaxis in Dictyostelium via
pleckstrin homology domain-PtdIns(3,4,5)P3 interactions. Cell 114:559–572.
16. Buitenhuis M, et al. (2008) Protein kinase B (C-AKT) regulates hematopoietic lineage
choice decisions during myelopoiesis. Blood. 111:112–121.
17. Cullen PJ, et al. (1995) Identiﬁcation of a speciﬁc Ins(1,3,4,5)P4-binding protein as a
member of the GAP1 family. Nature 376:527–530.
18. Hammonds-OdieLP,etal.(1996)Identiﬁcationandcloningofcentaurin-alpha.Anovel
phosphatidylinositol 3,4,5-trisphosphate-binding protein from rat brain. J Biol Chem
271:18859–68.
19. Huang YH, et al. (2007) Positive regulation of Itk PH domain function by soluble IP4.
Science 316:886–889.
20. TsubokawaH,etal.(1994)Inositol1,3,4,5-tetrakisphosphateasamediatorofneuronal
death in ischemic hippocampus. Neuroscience 59:291–297.
21. Filippi MD, et al. (2004) Localization of Rac2 via the C terminus and aspartic acid 150
speciﬁes superoxide generation, actin polarity and chemotaxis in neutrophils. Nat
Immunol 5:744–751.
4744  www.pnas.orgcgidoi10.1073pnas.0800218105 Jia et al.